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Abstract In the Southern Ocean, unconstrained Westerlies
allow for intense mixing between deep waters and the atmosphere. How this system interacts with Antarctic ice sheets
and the global ocean circulation is poorly understood due to
a paucity of data. The poor abundance and preservation of
foraminiferal carbonate in ice-proximal sediments is a major
challenge in high-latitude paleoceanography. A new approach
is to examine a sediment geochemical record of changing
paleoproductivity and sediment redox environment that can
be tied to changes in water mass properties. This study focuses
on the paleoceanography of the George V Land margin between ~4.7 and 4.3 Ma. This interval at the onset of the early
Pliocene Climatic Optimum was characterized by the highest
global sea surface temperatures and the lowest sea ice concentrations in East Antarctica in the past 5 million years. At IODP
Site U1359, an abrupt increase in Mn/Al ratios ~4.6 Ma indicates an episode of oxic bottom conditions resulting from
enhanced wind-driven downwelling of Antarctic surface water. Above, extremely high concentrations of sedimentary barite (Ba excess >40,000 ppm) point to biogenic barite deposition, preservation, and concentration through enhanced upwelling of nutrient-rich Circumpolar Deep Water (CDW).
Incursion of CDW onto the continental shelf affected ice discharge and resulted in a stable but reduced ice-sheet configuration over several glacial cycles. The geochemical results
along with previous work on Site U1359 for the first time link
Electronic supplementary material The online version of this article
(doi:10.1007/s00367-016-0489-8) contains supplementary material,
which is available to authorized users.
* Sandra Passchier
passchiers@mail.monclair.edu
1

Department of Earth and Environmental Studies, Montclair State
University, 1 Normal Avenue, Montclair, New Jersey 07043, USA

paleoceanography and cryospheric change based on data from
the same high-latitude site.

Introduction
The marine portions of the East and West Antarctic Ice sheets
retreated in the Pliocene, approximately 3 to 5 million years
ago (Naish et al. 2009; Cook et al. 2013; Hansen et al. 2015).
Modeling the mechanisms of Pliocene East Antarctic ice retreat in particular has been challenging due to a paucity of data
documenting changes in the high-latitude ocean (Mengel and
Levermann 2014; DeConto and Pollard 2016). Using geochemical data collected from an early Pliocene climate archive
in a drill core off East Antarctica, the present study shows for
the first time that a major ice-sheet response coincided with
abrupt high-latitude changes in ocean circulation.
Here the high-latitude changes in paleoceanography and
cryospheric change are studied at the onset of the early
Pliocene climatic optimum (PCO; ~4.5–4.0 Ma), when the
Southern Hemisphere was warmer and global temperatures
were ~4 °C higher than pre-industrial ones (Fedorov et al.
2013). Following the shoaling of the Central American
Seaway ~4.7 Ma, the early Pliocene climate system was characterized by an increase of the tropical Pacific warm pool and
a lowering of mid-latitude surface temperature gradients
(Fedorov et al. 2013), allowing for a poleward displacement
of atmospheric and oceanic fronts (Billups et al. 1999; Zhang
et al. 2013; Sniderman et al. 2016). Diatomaceous sediments
deposited on the Antarctic continental margins of the Ross Sea
and Prydz Bay signal periodic open water conditions
(Shipboard Scientific Party 1989; Naish et al. 2009;
Passchier 2011) with sustained warming in the Southern
Ocean greater than 4 °C (Ciesielski and Weaver 1974;
Whitehead and Bohaty 2003).
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The well-dated early Pliocene marine sediment record from
Integrated Ocean Drilling Program (IODP) Site U1359 on the
George V Land continental rise (64°S, 143°E; Expedition 318
Scientists 2011) was studied. At 4,003 meters below sea level
(mbsl) and about 100 km from the Antarctic shelf break, Site
U1359 is one of the nearest deepwater sites to the Antarctic
continent. It lies south of the Antarctic Polar Front (APF;
Fig. 1) and offshore the overdeepened Wilkes Subglacial
Basin, in a favorable position to answer questions of icesheet ocean interaction in a warmer world. The Pliocene strata
at Site U1359 consist of hemipelagic sediments that were
deposited on the eastern levee of the Jussieau submarine channel (Expedition 318 Scientists 2011). Because of the deepwater setting of the sedimentary archive, its stratigraphic record
is relatively complete (Tauxe et al. 2012; Hansen et al. 2015).

Materials and methods
Because of the paucity of carbonate in these ice-proximal
sediments, water mass changes are traced using redoxsensitive elements. A lithologically distinct interval of light
greenish grey diatom-bearing silty clay with dispersed clasts
was targeted that transitioned upward into diatom-rich silty
clay and clay-rich diatom ooze with dispersed clasts (Fig. 2)
with elevated biogenic silica contents (Hansen et al. 2015).
The major and trace element geochemistry of the sediment
in the diatomaceous mud interval between 118 and 102

Fig. 1 Map of the East Antarctic
continental margin and Southern
Ocean with modern ocean frontal
boundaries. Dots with site
numbers Positions of drill cores
collected by the Deep Sea Drilling
Program and the (Integrated)
Ocean Drilling Program. The
positions of the Antarctic Polar
Front (PF), the southern boundary
for the Antarctic Circumpolar
Current (ACC) and the southern
limit of upwelling circumpolar
deep water (UCDW) are based on
Orsi et al. (1995)
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mbsf-A (~4.7 to 4.3 Ma) was analyzed with a sample spacing
of ca. 3 kyr (see ESM Table 1 in the electronic supplementary
material available online for this article).
Major and trace element abundances were derived from 106
bulk sediment samples from IODP Hole U1359B on a JobinYvon ULTIMA C inductively coupled plasma optical emission
spectrometer (ICP-OES) at Montclair State University. The
sample preparation (Murray et al. 2000) consisted of mixing
0.1 g of sample with 0.4 g LiBO4 flux and fusion in a muffle
furnace at 1,050 °C. Pellets were dissolved in 7% HNO3, filtration, and solutions were diluted with 2% HNO3 immediately
prior to analysis. Major and trace elemental concentrations were
determined using 10 or more USGS rock standards. The analytical uncertainties for oxide weight percentages in repeat runs
is typically 1–5%, except for P (5–15%).
In order to confirm the presence of biogenic barite, two
sub-samples of bulk powdered sediment from Ba-excess maxima were prepared based on a method by Riedinger et al.
(2006). Bulk sediment was lightly powdered using a mortar
and pestle before being dispersed evenly onto an aluminum
stub with a carbon sticker. Each sample was then gold-coated
and viewed on a Hitachi S-3400N scanning electron microscope (SEM) with a Bruker-AXS Xflash energy dispersive Xray spectrometer (EDS) at Montclair State University, operating under 15 kV. Barite grain identification was performed
first by using the mapping feature on the Bruker X-Flash
EDX to identify areas containing the elements barium and
sulfur, which make up barite (BaSO4). Individual grain spectra
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Fig. 2 Sedimentological and geochemical data for IODP Site U1359.
Lithological log for Hole U1359A with distribution of opal wt%, icerafted debris mass accumulation rates (IRD MAR), and clast abundance

after Hansen et al. (2015). Magnetostratigraphy after Tauxe et al. (2012).
Detail (right): summary of IRD MAR and geochemical ratios for early
Pliocene climatic optimum interval

were captured on flat grain surfaces. Spectra and images were
compared to known examples of barite presented in Paytan
et al. (2002) and Riedinger et al. (2006).
Seafloor redox evolution is assessed here using downcore
Mn/Al ratios (Calvert and Pedersen 1993; Jakobsson et al.
2000; Gallego-Torres et al. 2014). Mn can be supplied to the
ocean as grain coatings on particulates delivered by wind,
rivers or by diffusion from shelf sediments (Burdige 1993;
Calvert and Pedersen 1993; Jakobsson et al. 2000). The depth
of the redox boundary for Mn within sediments is controlled
by bottom oxygen concentrations (Burdige 1993). In reducing
sediments, Mn is a mobile element that can escape into the
water column. In contrast, Mn can be trapped within
authigenic Mn-carbonates or oxyhydroxides under oxidizing
conditions (Calvert and Pedersen 1993; Mangini et al. 2001;
Tribovillard et al. 2006). Bottom redox conditions were determined by comparing sediment Mn/Al ratios to ratios for the
upper continental crust (Pattan et al. 2013).
Marine paleoproductivity is evaluated using barium (Ba)
excess, a proxy for sedimentary barite (Schenau et al. 2001;
Hendy 2010). Ba excess is defined as the Ba concentration
above estimated detrital input. The lithogenic Ba (390.16
ppm) and Al contents (13.7 wt%) were derived from the average composition of detrital rock clasts dredged from the
seafloor near Mertz Glacier on the George V Land continental
shelf (Goodge and Fanning 2010).
In deep-sea sediment, barium arrives mainly as barite particles (BaSO4) in association with decaying organic matter
(Schenau et al. 2001; Tribovillard et al. 2006). The

preservation of barium within marine sediment depends on
barite saturation within the water column, and the redox conditions of bottom water and surface sediment. In the Southern
Ocean, modern and Pleistocene Ba-excess concentrations in
the bulk sediment are high compared to the world ocean, and
are highest during interglacials (Nürnberg et al. 1997; Bonn
et al. 1998; Fagel et al. 2002). Maxima of >3,000 ppm of
excess Ba occur in cores from high-productivity areas at the
PFZ and near the edge of the Seasonal Sea Ice Zone. Under
upwelling systems, however, barite can be enriched at diagenetic fronts because SO42– diffuses downward in the sediment
as a result of changing redox conditions of the bottom waters
(Riedinger et al. 2006; Hendy 2010). Furthermore, at high
latitudes, barite concentrations in the sediment can be enhanced through the selective dissolution of CaCO3 by corrosive bottom waters (Anderson and Winckler 2005).
Samples and core data were analyzed on a meters composite
depth (mcd) scale and converted to meters below seafloor in
Hole U1359A (mbsf-A) to allow comparison to a detailed lithological log and a biogenic silica record collected previously for
that hole (Hansen et al. 2015). The age model for U1359 is
based on linear sedimentation rates constrained by
magnetostratigraphic age tie points from Tauxe et al. (2012),
as discussed in Hansen et al. (2015). The diatom zonations of
Reinardy et al. (2015) were applied to the construction of an age
model for Site U1358. In contrast to Reinardy et al. (2015), the
Average Range Model of Cody et al. (2008) was used to allow
correlation to the published age model for Site U1359 (Tauxe
et al. 2012). The early Pliocene sections recovered in cores 3R
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and 4R of Site U1358 all have the same diatom assemblage
(Reinardy et al. 2015), dated <4.7 to >4.3 Ma.

Results
At Site U1359 Al/Ti ratios show minimal variation downcore
(Fig. 2). Prominent peaks of Mn/Al occur between 111 and
115 mbsf-A (Fig. 2) within a core interval of alternating clay
with diatom laminae. The values between 111 and 115 mbsf-A
are high compared to average upper continental crust (0.0075
for Mn/Al; Taylor and McLennan 1985). Mn is present in
microcrystalline form; manganese nodules or grains were
not observed in smear slides.
Extremely high values of Ba excess occur in a core section
with increasing opal contents that overlaps with the upper
portion of the Mn-rich interval (Fig. 2). Ba excess shows enrichment stratigraphically above the clay/diatom laminae interval with maxima reaching in excess of 40,000 ppm (Fig. 2).
The presence of barite (BaSO4) was confirmed through SEMEDS analysis in samples from the two Ba-excess maxima at
111–112 mbsf-A (Fig. 3a and d). The irregular morphology of
the barite grains (Fig. 3b and c) resembles diagenetic barite
according to the classification of Paytan et al. (2002).

Fig. 3 Barite particles identified using SEM-EDS. a Elemental map
highlighting the elements barium (red) and sulfur (green). b Enlarged
image of barite grain (highlighted in red box of a). c SEM micrograph
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Discussion
At Site U1359, sediments have a dominant terrigenous component (Hansen et al. 2015), and the lack of variation in the
downcore trend of Al/Ti (Fig. 2) suggests that there were no
major provenance changes (Latimer et al. 2006). Thus, changes in elemental ratios of Mn and Ba are primarily the result of
changes in authigenic and biogenic precipitation of these elements in response to changes in the nutrient content and redox
state of water masses (Korff et al. 2016).

Increased downwelling
The distribution of Mn/Al maxima higher than average upper
crust in U1359 between 111 and 115 mbsf-A represents the
influence of an oxygen-rich water mass that impacted the accumulation of Mn in the sediment (Fig. 2). In contrast, the relatively low values of Mn/Al below and above the maxima suggest that these sediments were deposited under suboxic conditions. Both wind-driven processes and changes in buoyancy
due to salinity and temperature effects of sea-ice formation
are able to enhance high-latitude deepwater formation. The deposition of clay-sized particles within this interval at U1359,
however, indicates a lack of current interaction with the seafloor

of authigenic barite grain and d EDS spectrum collected on flat surface.
Interpretation according to Paytan et al. (2002)
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(Fig. 2), which would be expected if the expulsion of highsalinity shelf water was involved in the enhanced circulation.
At ~4.6–4.5 Ma, sea surface temperatures (SSTs) in
Antarctica and the Southern Ocean were rising rapidly to >
4 °C (Ciesielski and Weaver 1974; Whitehead and Bohaty
2003; Escutia et al. 2009) in the southern Pacific Ocean
(Fig. 4). Furthermore, in the southern Indian Ocean sector at
Site 1165, seasonal sea ice coverage along the East Antarctic
margin was reduced to less than 60% of that of modern days
(Whitehead et al. 2005). Under these boundary conditions,
wind-driven processes are more likely to drive increased deepwater formation than high-salinity density flows. Southward
displaced strong Westerlies enhance downwelling of oxygenated water masses on the East Antarctic margin in Earth
System Models of Pliocene warmth (Zhang et al. 2013).
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Increased upwelling
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precipitation is linked to higher productivity. Under the
Pliocene warming scenario, primary productivity likely increased due to the release of iron-rich dust loads from eolian
and glacial meltwater sources (Hepp et al. 2006), as well as
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0.09

Mn/Al
U1359 exhibits a shift to precession-paced local insolation forcing of a
much thinner marine-based ice sheet (Hansen et al. 2015) coincident with
sediment redox changes ~4.5 Ma. Mn/Al ratios and Ba-excess values
outside the ~4.7 and 4.3 Ma interval (this study) are from shipboard
ICP-OES analysis (Expedition 318 Scientists 2011)
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diagenetic origin of barite. Upwelling of corrosive and
oxygen-poor water mass, such as Circumpolar Deep Water
(CDW), likely enhanced precipitation of barite at a diagenetic
front that burned down into the seafloor sediment.
Elevated Ba-excess values were also found at continental
shelf Site U1358 (Orejola and Passchier 2014) ~120 km landward of Site U1359, in strata dated between <4.7 Ma and >4.3
Ma. It is inferred that CDW extended onto the George V Land
continental shelf and supplied heat to grounded ice sheets, releasing nutrients from melting glacial ice and enhancing productivity.
Previous work on Site U1359 showed that several gravel pulses
signaled breakup of an extended ice shelf at 115–110 mbsf-A
(~4.6–4.5 Ma; Fig. 2). At this same level, the orbital frequency of
pulses of sand-sized ice-rafted debris transitioned from an obliquity to a dominant precession mode (Fig. 4), indicating a change
to more local insolation forcing of the ice sheet and ice retreat
(Hansen et al. 2015). Furthermore, the high opal contents and
minimal amounts of IRD at Site U1359 (Hansen et al. 2015), and
the sediment provenance at nearby Site U1361 (Cook et al. 2013)
suggest that, following the onset of upwelling, the ice sheet stabilized at a position within the Wilkes Subglacial Basin for several glacial cycles between ~4.5 and 4.3 Ma (Fig. 4).

Geo-Mar Lett (2017) 37:207–213

2015). The Mn and Ba records of Site U1359 suggest that the
stable more reduced ice configuration ~4.5–4.3 Ma was
established during a period of major changes in high-latitude
ocean circulation. The data provide support for modeling studies
with an increased impact of the Westerlies on the circulation in
the Southern Ocean allowing for deep mixing and heat and gas
exchange between the atmosphere and the deep ocean (Zhang
et al. 2013). Furthermore, upwelling of CDW likely changed the
temperature and salinity properties of Antarctic continental shelf
water with implications for the properties of deepwater masses
that originated there, and their ability to store carbon.
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